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Summary 
Growth and patterning of the vertebrate limb are con- 
trolled by the ridge, posterior mesenchyme, and non- 
ridge ectoderm. Fibroblast growth factor 4 (FGF4) and 
Sonic hedgehog (SHH) can mediate signaling from the 
ridge and posterior mesenchyme, respectively. Here 
we show that dorsal ectoderm is required together with 
FGF4 to maintain Shh expression. Removal of dorsal 
ectoderm results in loss of posterior skeletal elements, 
which can be rescued by exogenous SHH. WntTa, 
which is expressed in dorsal ectoderm, provides the 
signal required for Shh expression and formation of 
posterior structures. These results provide evidence 
that all three axes (dorsoventral, proximodistal, and 
anteroposterior) are intimately linked by the respec- 
tive signals WNT7a, FGF4, and SHH during limb out- 
growth and patterning. 
Introduction 
Experimental manipulations of the developing chick limb 
bud have enabled definition of the signaling centers neces- 
sary for outgrowth and pattern formation: the apical ecto- 
dermal ridge, posterior mesenchyme, and nonridge ecto- 
derm. The ridge is a thickened epithelium that forms at 
the distal tip of the limb and runs along the anteroposterior 
axis. The ridge controls proximodistal outgrowth (from 
shoulder to digits) by stimulating proliferation of underlying 
mesenchyme. This "progress zone" mesenchyme con- 
tains undifferentiated progenitors of the limb skeleton. 
When the ridge is removed, outgrowth ceases and the 
limb is truncated along the proximodistal axis (Saunders, 
1948; Summerbell, 1974). 
A region of mesenchyme posterior and proximal to the 
progress zone is involved in anteroposterior patterning 
(e.g., thumb to little finger in human hand). Evidence for 
this comes from transplantation studies in which posterior 
mesenchyme is grafted to the anterior margin of a host 
limb bud. This causes respecification of the anterior mes- 
enchyme and ridge and results in mirror-image skeletal 
duplications in which the most posterior structures are 
formed near the grafted tissue (Saunders and Gasseling, 
1968; Tickle et al., 1975). The region of posterior mesen- 
chyme capable of polarizing anterior cells has been called 
the zone of polarizing activity (7PA). 
Patterning along the dorsoventral axis (e.g., back of 
hand to palm) is controlled by signals from the ectoderm 
that covers the limb bud mesenchyme. When the limb 
ectoderm is dorsoventrally reversed relative to the mesen- 
chyme, the dorsoventral polarity of the distal skeletal pat- 
tern is reversed to correspond to the polarity of the ecto- 
derm (MacCabe et al., 1974; Pautou, 1977). 
Recent molecular studies have identified two genes that 
participate in signaling from the ridge and posterior mes- 
enchyme, fibroblast growth factor 4 (Fgf4) and Sonic 
hedgehog (Shh), respectively (Niswander et al., 1993; Rid- 
dle et al., 1993). Members of the FGF family are expressed 
in the ridge (Niswander and Martin, 1992; Savage et al., 
1993; Heikinheimo et al., 1994; Niswander et al., 1994; 
Crossley and Martin, 1995), and they can provide all of 
the ridge-derived signals necessary for limb outgrowth and 
patterning (Niswander et al., 1993; Fallon et al., 1994). 
Although various FGF members are capable of performing 
the functions of the ridge in experimental studies, FGF4 
is likely to be a specific family member that performs these 
functions in vivo. Fgf4 encodes a secreted protein and is 
expressed in the posterior half of the ridge, where the 
greatest outgrowth occurs (Saunders, 1948; Delli-Bovi et 
al., 1988; Niswander and Martin, 1992; Suzuki et al., 1992; 
Niswander et al., 1994). Moreover, Fgf4 is induced in the 
anterior ridge following experiments in which the anterior 
part of the limb bud becomes respecified to a posterior 
fate by means of inducing an ectopic ZPA (Charit~ et al., 
1994; Laufer et al., 1994; Niswander et al., 1994). 
Shh RNA. is expressed in the posterior part of the limb 
bud in the region defined as the ZPA. Moreover, ectopic 
expression of Shh in the anterior part of the limb bud 
causes respecification of anterior cells and results in mir- 
ror-image skeletal duplications, similar to those caused 
by a ZPA graft (Riddle et al., 1993). This indicates SHH 
is a component of the ZPA signaling pathway. 
The ability to manipulate FG F4 and SHH experimentally 
has led to the discovery that proximodistal and anteropos- 
terior patterning are mutually dependent. A positive feed- 
back loop is established in which Fgf4 in the ridge is regu- 
lated by SHH in the mesenchyme and, in turn, Shh 
expression is regulated by FGF4 (Laufer et al., 1994; Nis- 
wander et al., 1994). Here we show that the interaction 
between FGF4 and SHH could control the location of the 
ZPA to the distal tip of the limb bud. 
In addition, we show that signals from the dorsal ecto- 
derm are necessaryto maintain Shh expression and poste- 
rior skeletal formation. Moreover, we demonstrate that 
Wnt7a, which is expressed in the dorsal ectoderm in the 
chick and mouse limb bud (Dealy et al., 1993; Parr et al., 
1993), can provide the dorsal ectodermal signal required 
for Shh expression and formation of posterior structures. 
Thus, the work presented here demonstrates that dorso- 
ventral signals are required for anteroposterior patterning. 
The Wnt genes, which encode secreted proteins that asso- 
ciate with the cell surface and extracellular matrix, have 
been implicated in a number of developmental processes, 
including the regulation of cell fate and pattern formation 
(reviewed by Nusse and Varmus, 1992). Genetic and mo- 
Cell 
940 
Figure 1. FGF4 Activates Shh Expression in Proximal Posterior Limb 
Mesenchyme 
Whole-mount RNA in situ hybridization with digoxygenin-labeled Shh 
probe of chick wing buds. Shh RNA is detected (purple stain) in the 
distal posterior limb mesenchyme ( ndogenous expression) and in 
proximal posterior mesenchyme ( ctopic expression [D-F]). (A)-(C) 
are representative of the Shh expression domain at stage 20 (A), stage 
24 (B), and stage 26 (C). In (D)-(G), an FGF4 or PBS bead was inserted 
into the proximal posterior mesenchyme near the body well at the 
stages indicated, the embryos were incubated for an additional 24 
hr, and they were then processed for RNA in situ hybridization. Shh 
expression 24 hr after treatment at stage 20 using an FGF4 bead is 
shown in (D), at stage 24 using an FGF4 bead in (E), at stage 26 using 
an FGF4 bead in (F), and at stage 24 using a PBS bead in (G). The 
schematic drawings illustrate the experimental treatment, with the 
closed and open circles representing an FGF4 and PBS bead, respec- 
tively. In (D), the experimentally treated and contralateral untreated 
limbs are on the right and left, respectively. For photography, the limbs 
have been removed from the body. Arrowheads mark bead location. 
In all figures, anterior is up and posterior is down. 
lecular studies in Drosophila indicate that the Drosophila 
Wnt homolog wingless (wg) is required for expression of 
hedgehog (hh) (Lee et al., 1992; Tabata et al., 1992). Th us, 
the interaction between Wnt and hh is important for both 
vertebrate and invertebrate development. We propose a 
model in which vertebrate limb growth and pattern forma- 
tion are coordinated by the interactions among signals 
from all three axes, dorsoventral (WNT7a), proximodistal 
(FGF4), and anteroposterior (SHH). 
Results 
FGF4 Controls the Expression Domain of Shh 
and Induces an Ectopic ZPA in the Proximal 
Posterior Mesenohyme 
In the young chick limb bud (up to stage 21), Shh RNA is 
expressed in the posterior mesenchyme from the body 
wall (proximal) to the limb tip (distal) (Figure 1A). As the 
limb continues to grow out (e.g., stage 23 and later), Shh 
RNA becomes restricted to the distal posterior part of the 
limb bud near the ridge and is no longer detectable proxi- 
mally (Figures 1B and 1C; see also Riddle et al., 1993). 
The restriction of the Shh domain, as well as the fact that 
FGF4 or the ridge is required to maintain Shh expression 
(Laufer et al., 1994; Niswander et al., 1994), suggests that 
Shh may be down-regulated incells that have left the influ- 
ence of the ridge or FGF4. 
To test this possibility, we provided an exogenous 
source of FGF4 protein by inserting an FGF4-soaked hep- 
arin bead into proximal posterior mesenchyme near the 
body wall of limb buds at early and late stages, and after 
24 hr we analyzed Shh expression. Limb buds treated at 
stage 20 maintained expression of Shh around the bead 
in the proximal mesenchyme, where expression would not 
normally be detected (Figure 1 D, right and left limbs, FGF 
treated and control, respectively). FGF4 application to 
stage 24 and 26 limb buds resulted in activation of Shh 
expression near the FGF4 bead (Figures 1E and 1F). Ec- 
topic Shh expression remained restricted to the posterior 
margin and often was not detected on the anterior side 
of the FGF4 bead. In limbs treated at stage 24, ectopic 
Shh RNA was detected within 10 hr of treatment (data not 
shown), and by 24 hr Shh was expressed at high levels 
in proximal posterior mesenchyme, comparable to endog- 
enous Shh RNA levels near the ridge (Figure 1E). How- 
ever, in limbs treated at stage 26, ectopic Shh RNA levels 
were much lower (Figure 1F). This could be due at least 
in part to the differentiated state of the proximal mesen- 
chyme, where cell condensation and cartilage formation 
have begun. Control experiments demonstrated that ec- 
topic Shh RNA was not induced by a phosphate-buffered 
saline (PBS)-soaked heparin bead nor by an FGF4 bead 
applied to the anterior region of the limb bud (Figure 1G; 
Niswander et al., 1994; data not shown). 
Several genes thought o be direct or indirect argets of 
the ZPA, such as Bmp2, Bmp4, and Hoxd13, are normally 
expressed near the endogenous Shh domain (Izpist~a- 
Belmonte et al., 1991; Francis et al., 1994). We found 
that these genes were also induced near the ectopic Shh 
domain of a limb treated with FGF4 at stage 24 (data not 
shown). However, if Shh is exogenously supplied to the 
proximal posterior mesenchyme in the absence of an 
FGF4 bead, then these genes were not expressed (data 
not shown). Similarly, studies in the distal anterior part of 
the limb bud (Laufer et al., 1994) indicate that SHH must 
act in conjunction with a ridge signal or FGF4 to activate 
Bmp2 and Hoxd13 gene expression. 
We next determined whether proximal posterior tissue 
in which Shh has been induced can function as a ZPA, as 
defined by grafting experiments (Saunders and Gasseling, 
1968). An FGF4 bead was inserted near the body wall of 
limb buds at different stages, and 24 hr later a small piece 
of tissue adjacent to the FGF4 bead was grafted under 
the anterior ridge of a host limb bud. Tissue from a limb 
treated at stage 24, in which a high level of Shh RNA 
would be induced, had full polarizing activity and displayed 
complete digit duplications (4-3-2-3-4 or 4-3-3-4; n = 9; 
Figure 2A). In contrast, tissue from a limb treated at stage 
WNT and FGF Are Required to Maintain SHH 
941 
Figure 2. FGF4 Induces a Functional ZPA That, in Conjunction with 
Progress Zone Cells, Elicits the Formation of an Ectopic Limb 
(A and B) Pattern duplications obtained following rafting assays for 
polarizing activity. An FGF4 bead was applied to proximal posterior 
mesenchyme at stage 24 (A) or stage 26 (B), and 24 hr later, tissue 
adjacent o the bead was grafted to the anterior side of a host wing 
bud. The extent of the mirror-image skeletal duplication i dicates the 
relative polarizing activity of the grafted tissue. 
(C and D) Skeletal pattern 7 days after application of an FGF4 bead 
to proximal posterior mesenchyme ofa stage 24 wing bud (C) or similar 
FGF4 bead application, followed 24 hr later by grafting the preax- 
ial progress zone and overlying ridge from a stage 20 limb bud near 
the bead (D). 
Asterisk indicates ectopic skeletal structures. Abbreviations: H, hu- 
merus; R, radius; U, ulna; 2, 3, 4, digits 2, 3, and 4, respectively. 
26, in which a low level of Shh would be induced, had 
weaker polarizing activity and only produced an extra digit 
2 (2-2-3-4 in four cases and no duplication in five cases; 
Figure 2B). In control experiments, no polarizing activity 
was detected from a stage 24 limb treated with a PBS 
bead (n -- 4; data not shown). Therefore, not only is Shh 
expression induced by FGF4, but this tissue can also func- 
tion as a ZPA. 
The only morphological consequence of applying FGF4 
to the proximal posterior mesenchyme of stage 24 limb 
buds was that the ulna became thickened (Figure 2C). 
However, we could demonstrate activity of the induced 
ZPA in the proximal part of the limb bud by grafting anterior 
(preaxial) progress zone mesenchyme and ectoderm next 
to a bead that had been inserted 24 hr earlier. In the pres- 
ence of an FGF4 bead, a fairly normal ectopic limb devel- 
oped containing a humerus, radius, ulna, and digits 2 and 
3, but digit 4 was missing (n -- 4; Figure 2D). In contrast, 
when preaxial tissue was grafted next to a PBS bead, only 
a small unpatterned piece of cartilage was observed (n = 
3; data not shown). Thus, the induced ZPA must act in 
conjunction with undifferentiated progress zone cells to 
produce a patterned and distally complete limb. 
Signals from the Dorsal Ectoderm Cooperate in the 
Regulation of Shh Expression 
Inspection of the FGF4-induced Shh expression pattern 
in the proximal posterior mesenchyme showed that Shh 
RNA was not equally distributed around the FGF4 bead. 
Shh expression was stronger on the dorsal side of the bead 
and weaker on the ventral side. Often, Shh expression 
was largely restricted to mesenchyme near the surface 
ectoderm and was only weakly detected in mesenchyme 
internally (Figure 3A). To examine whether dorsal localiza- 
tion of Shh expression is due to a differential response 
between dorsal and ventral mesenchyme, we inserted a 
PBS bead and an FGF4 bead into the mesenchyme with 
the PBS bead closer to the dorsal side and the FGF4 bead 
closer to the ventral side. In this case, Shh expression 
was still detected most strongly in the dorsal mesenchyme 
(Figure 3B). 
These observations raise the possibility that dorsal ecto- 
dermal signals are required to induce Shh expression. 
Therefore, we removed dorsal ectoderm, ventral ecto- 
derm, or both from the proximal part of a stage 24 limb, 
inserted an FG F4 bead into the proximal posterior mesen- 
chyme, and 24 hr later examined Shh expression. In con- 
trast with the high level of Shh expression induced in the 
presence of an FGF4 bead and intact ectoderm (Figures 
1E and 3A), we found that removal of the dorsal ectoderm 
resulted in only low levels of ectopic Shh expression, even 
though FGF4 was present (Figure 3D). Removal of the 
ventral ectoderm had only a minor effect on Shh expres- 
sion levels (Figure 3E). When both dorsal and ventral ecto- 
derm were removed, Shh RNA was not detected near the 
FGF4 bead (Figure 3F). In some cases, the dorsal ecto- 
derm grew back slightly so that the FGF4 bead was par- 
tially covered by dorsal ectoderm. In these cases, ectopic 
Shh expression was detected only in rnesenchyme under- 
lying the ectoderm, near the FGF4 bead (data not shown). 
These data suggest that a signal(s) from the ectoderm is 
required in conjunction with FGF4 to induce Shh expres- 
sion. In addition, it appears the predominant inductive sig- 
nal(s) comes from dorsal rather than ventral ectoderm. 
This raises the question as to whether dorsal ectoderm 
signals are required for endogenous Shh expression. To 
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Figure 3. Signals from the Dorsal Ectoderm 
Cooperate with FGF4 in the Regulation of Shh 
Expression 
(A-F) An FGF4 bead was inserted into proximal 
posterior mesenchyme of a stage 24 wing bud 
in the presence or absence of overlying ecto- 
derm and 24 hr later was processed for whole- 
mount in situ hybridization. (A) Posterior view 
of an FGF4-treated limb bud, ectoderm intact. 
(B) Posterior view of a limb (ectoderm intact) 
in which a PBS bead and an FGF4 bead were 
applied to the dorsal and ventral mesenchyme, 
respectively. In (A) and (B), dorsal is up and 
ventral is down, and the closed and open 
arrows indicate ctopic Shh expression i  mes- 
enchyme near the surface of the dorsal and 
ventral ectoderm, respectively. (C) Tissue sec- 
tion from distal region through the endogenous 
Shh expression domain of a stage 24 wing bud. 
(D-F) Dorsal view of an FGF4-treated wing bud 
following removal of dorsal ectoderm (D), ven- 
tral ectoderm (E), or both dorsal nd ventral 
ectoderm overlying the proximal part of the 
limb bud (F). 
(G-H) Endogenous Shh expression 24 hr after 
removal of dorsal ectoderm ((3) or ventral ecto- 
derm (H) from a stage 20 wing bud. 
Abbreviations: minus DE, dorsal ectoderm re- 
moved; minus VE, ventral ectoderm removed. 
Arrowheads mark bead location. 
test this, we removed either dorsal ectoderm, ventral ecto- 
derm, or both from a stage 20 limb bud, leaving the ridge 
intact, and Shh expression was examined 24 hr later. In 
contrast with the high levels of Shh expression in the con- 
tralateral unmanipulated limb (Figure 3G, left limb), endog- 
enous Shh expression was greatly reduced when the dor- 
sal ectoderm was removed (Figure 3G, right limb). 
Removal of the ventral ectoderm had only a minor effect 
on endogenous Shh expression (Figure 3H). Removal of 
both the dorsal and ventral ectoderm results in disruption 
of the ridge. Therefore, the entire distal tip ectoderm was 
removed, and an FGF4 bead was applied to the posterior 
limb mesenchyme to replace the ridge signal. In this con- 
text, Shh expression was not detected (data not shown). 
We also tested the effect of dorsal ectoderm removal on 
polarizing activity. The distal posterior part of the limb bud 
was divided into three pieces 24 hr after removal of the 
dorsal ectoderm, and each piece was grafted individually 
to the anterior margin of a host limb. Weak or no polarizing 
activity was detected (2-2-3-4 or no duplication in six 
pieces tested) whereas tissue from the contralateral limb 
displayed strong polarizing activity (greatest duplication, 
4-3-2-3-4; six pieces tested). These studies indicate that 
ectodermal signals (predominantly from the dorsal ecto- 
derm) are required to maintain endogenous Shh expres- 
sion, as well as polarizing activity. However, in the normal 
limb, the Shh expression pattern does not seem to be 
preferentially ocalized to dorsal mesenchyme (Figure 3C). 
Therefore, by experimentally manipulating the limb, we have 
uncovered a hidden, but necessary, signal that serves to 
maintain the activity of the posterior mesenchyme. 
Shh-Expressing Cells Can Rescue Posterior 
Skeletal Elements That Are Lost Owing 
to Dorsal Ectoderm Removal 
After removal of dorsal ectoderm at stage 20, the resulting 
limb lacked an ulna and the most posterior digit 4 (Figure 
4A; n = 5). The experimental limbs were also significantly 
smaller compared with the contralateral limb (see below). 
We were unable to determine the dorsoventral polarity of 
the limbs. We reasoned that the loss of posterior skeletal 
elements could be related to the earlier decrease in Shh 
expression. Therefore, we provided SHH to the limb to see 
whether it was possible to rescue the abnormal phenotype 
and allow formation of posterior skeletal elements. This 
was done by grafting a pellet of Shh-expressing cells to 
the posterior distal limb tip after removal of the dorsal ecto- 
derm. We found that, although the limb was still smaller 
than the contralateral limb, the ulna and digit 4 were now 
formed (Figure 4B; n = 3). This finding demonstrates that 
increasing the number of Shh-expressing cells in the limb, 
after removal of the dorsal ectoderm, promotes the forma- 
tion of posterior skeletal elements. These results suggest 
that SHH can act in a dose-dependent manner to specify 
cell fate along the anteroposterior axis. 
Previously, Martin and Lewis (1986) reported that re- 
moval of chick wing dorsal ectoderm by ultraviolet irradia- 
tion resulted in skeletal elements that were reduced in size 
(55%-80% of control). In our experiments, the skeletal 
structures were similarly reduced (average percentage 
length of control: humerus, 740/0; radius, 51O/o; digit 2, 
89%; digit 3, 46%). However, in only 5% of the cases did 
Martin and Lewis observe a loss of posterior structures, 
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Figure 4. Dorsal Ectoderm Removal Results 
in a Mutant Limb That Lacks Posterior Struc- 
tures 
Shh-or Wnt7e-expressing cells can rescue pos- 
terior skeletal formation. Skeletal pattern 7 
days after removal ofthe dorsal ectoderm and 
grafting of a pellet of Shh- or Wnt7a-expressing 
cells to the distal tip of a stage 20 wing bud: 
no graft (A); Shh cells (B); Wnt7a cells (C). In the schematic drawings, the green and yellow hatched boxes represent a graft of Shh- or Wnt7a- 
expressing cells, respectively. Abbreviations are as listed in the legends to Figures 2 and 3. 
and then only the distal phalanx of digit 4 was missing. 
In our experiments, digit 4 was completely missing in all 
cases (n -- 5). The ulna was completely missing in three 
cases and partially formed in the other two cases. The 
reduction in skeletal size was not rescued by application 
of Shh-expressing cells (average percentage length of 
control: humerus, 52%; radius, 51%; ulna, 80%; digit 2, 
90%; digit 3, 45%; digit 4, 65%). 
WNT7a Can Substitute for the Dorsal Ectoderm 
Signal Required for Shh Expression and 
Posterior Skeletal Development 
In the normal chick limb bud, Wnt7a is expressed exclu- 
sively in the dorsal ectoderm (Dealy et al., 1993). In view 
of the fact that during Drosophila segmentation the expres- 
sion of wg is required for the expression of hh, we tested 
whether WNT7a might be the dorsal ectoderm signal re- 
quired for Shh expression in the vertebrate limb. We first 
examined the dependence of endogenous Shh expression 
on WNT7a. After removal of the dorsal ectoderm from a 
stage 20 wing bud, a pellet of Wnt7a-expressing cells was 
grafted into the distal posterior mesenchyme. We found 
that endogenous Shh RNA was maintained at the graft site 
at approximately normal levels whereas in the absence of 
Wnt7a, Shh RNA was barely detectable (compare Figure 
5A with Figure 3G). To determine whether WNT7a and 
FGF4 are capable of maintaining Shh expression, the dor- 
sal ectoderm and ridge were removed and a Wnt7a cell 
pellet and an FGF4 bead were applied to the distal l imb 
mesenchyme. We found that these two signaling mole- 
cules are sufficient to maintain Shh expression (Figure 
5B). The grafted cells do not express Shh (arrow in Figure 
5B), but Shh is expressed in limb mesenchyme between 
the graft and bead and partially surrounding the bead. 
Control experiments demonstrate that neither an FGF4 
bead by itself, nor Wnt7a-expressing cells alone, nor non- 
Figure 5. WNTTa Can Substitute for the Dorsal 
Ectoderm Signal Required for Shh Expression 
(A-D) Endogenous Shh expression 24 hr after 
removal of the dorsal ectoderm and grafting of 
a pellet of Wnt7a-expressing ornontransfected 
cells to the distal m esenchyme of stage 20 wing 
buds: ridge intact, Wnt7a cells (A); ridge re- 
moved, Wnt7a cells, FGF4 bead applied to the 
distal limb tip (B); ridge removed, FGF4 bead 
(C); ridge removed, nontransfected cells, FGF4 
bead (D). 
(E-F) Ectopic Shh expression 24 hr after re- 
moval of the dorsal ectoderm from a stage 24 
wing bud and application f an FGF4 bead to 
proximal posterior mesenchyme of a limb bud 
infected with Wnt7a-expressing retrovirus (pos- 
terior view) (E) or application of an FGF4 bead 
and a Wnt7a cell pellet to the proximal posterior 
limb mesenchyme (F). For the experiment 
shown in (E), Wnt7a infection has spread rela- 
tively uniformly throughout the mesenchyme 
as determined by in situ hybridization in paral- 
lel experiments. Inthe schematic drawings, the 
yellow and white hatched boxes represent a 
graft of Wnt7a-expressing or nontransfected 
CEF cells, respectively. In (E), the yellow hatch- 
ing schematically illustrates hat the limb bud 
was infected with Wnt7a-producing retrovirus 
24 hr prior to the experimental manipulation. 
In the photographs, the arrow marks the cell 
graft, and the arrowhead marks thebead lo- 
cation. 
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transfected cells together with an FGF4 bead can maintain 
Shh expression (Figures 5C and 5D; data not shown). 
We also examined the dependence of ectopically in- 
duced Shh on WNT7a. Dorsal ectoderm over the proximal 
part of a stage 24 wing bud was removed, Wnt7a was 
introduced either by grafting a pellet of Wnt7a cells near 
the body wall or using retroviral infection to express Wnt7a 
in the limb mesenchyme, and an FGF4 bead was inserted 
into the proximal posterior mesenchyme. After 24 hr, ec- 
topic Shh was only detected near the FGF4 bead, even 
when Wnt7a was expressed more globally by retroviral 
infection (Figures 5E and 5F; data not shown). In these 
experiments we found that Shh was expressed equally in 
dorsal and ventral mesenchyme (compare Figure 5E with 
Figures 3A and 3B). This indicates that although Wnt7a 
is normally expressed in the dorsal ectoderm, it does not 
need to be expressed at the dorsal surface of the limb to 
exert its effect. 
We then tested whether WNT7a could rescue develop- 
ment of posterior skeletal elements that are lost upon re- 
moval of the dorsal ectoderm. The dorsal ectoderm was 
removed from a stage 20 limb bud, and a pellet of Wnt7a 
cells was grafted to the distal posterior mesenchyme. The 
ulna and digit 4 now formed, although the limb was signifi- 
cantly smaller than the contralateral limb (see Figure 4C; 
n = 3; average percentage length of control: humerus, 
78%; radius, 67%; ulna, 54%; digit 2, 79%; digit 3, 70%; 
digit 4, 74%). Thus, WNT7a can restore anteroposterior 
pattern formation but cannot correct the reduction in over- 
all size of the skeletal elements. 
These results demonstrate that WNT7a can substitute 
for the function of the dorsal ectoderm in the regulation 
of Shh expression and anteroposterior pattern formation. 
In addition, our studies indicate that Shh expression is 
dependent on cooperation between WNT7a and signals 
from the ridge or FGF4. Thus, dorsoventral and proximo- 
distal signals are integrated in the regulation of anteropos- 
terior patterning during vertebrate limbdevelopment. 
Discussion 
Here we have shown that a signal from the dorsal ecto- 
derm is required, in conjunction with the ridge or FGF4, 
to induce and maintain Shh expression in the developing 
limb bud. Following removal of the dorsal ectoderm, Shh 
expression is dramatically decreased, and the resulting 
limb lacks posterior skeletal elements. Moreover, we have 
shown that WNT7a, which is expressed in the dorsal limb 
ectoderm, can replace the dorsal ectodermal signal neces- 
sary for Shh expression and formation of the posterior 
skeleton. This indicates that nonridge ectoderm is re- 
quired for anteroposterior patterning, in addition to its 
known role in dorsoventral patterning. Whereas the ex- 
pression of Shh is characteristic of what has been called 
the ZPA, the ability of tissues to express Shh is dependent 
on a positive feedback loop with a product of the ridge, 
FGF4, and on the concomitant expression of the gene 
Wnt7a in the dorsal ectoderm. 
Earlier models for the control of limb patterning tend 
to evoke separate and noninteracting signals that direct 
proximodistal outgrowth (apical ridge), anteroposterior 
patterning (posterior mesenchyme), and dorsoventral pat- 
terning (nonridge ectoderm). This simplified view of cellu- 
lar signaling has proven useful for defining patterning ac- 
tivities, but it is now clear that mutual and reciprocal 
interactions link these signals together. Our results pro- 
vide evidence that the signals that define pattern formation 
along the three spatial coordinates of the limb are inti- 
mately linked. The interplay among WNT, FGF, and SHH 
forms the basis for a relatively simple mechanism to coor- 
dinate positional identity along all three axes in the devel- 
oping vertebrate limb. Loss of the primary signal from the 
dorsal ectoderm, ridge, or posterior mesenchyme results 
in a dramatic phenotype, affecting not only their respective 
primary axis but altering the signals within other axes. 
Restriction of Shh to the Distal Limb Bud Is 
Influenced by Local Production of FGF 
in the Ridge 
We have explored the manner in which Shh expression 
is restricted along the proximodistal axis by applying an 
exogenous source of FGF4 protein to the proximal poste- 
rior limb mesenchyme. Because ZPA activity and Shh ex- 
pression are dependent on ridge signals or FGF (Anderson 
et al., 1993; Niswander et al., 1993, 1994; Vogel and 
Tickle, 1993; Laufer et al., 1994), we reasoned that polariz- 
ing activity may be lost and Shh expression down- 
regulated as cells leave the region influenced by the ridge 
or FGF4. Here we demonstrate that application of FGF4 
to the proximal limb bud results in ectopic activation of 
Shh expression and establishment of a functional ZPA 
in proximal posterior cells. This indicates that proximal 
mesenchyme cells are competent o express Shh and po- 
larizing activity in response to FGF4 even though these 
cells normally no longer express these activities. From 
this we suggest that restricted ridge signals serve to con- 
fine the ZPA and Shh to the distal limb mesenchyme. In 
the normal imb, it appears that the positive feedback loop 
between FGF4 and SHH (Laufer et al., 1994; Niswander 
et al., 1994) is abrogated in the proximal mesenchyme by 
restricting the source of FGF4 to the ridge. 
Although we have shown that FGF4 can induce Shh 
expression along the proximodistal extent of the limb bud, 
ectopic Shh expression remains restricted to the posterior 
margin. At least two possibilities exist as to the manner 
in which Shh RNA is restricted posteriorly. The ability to 
express Shh may depend on the cell state or develop- 
mental history such that Shh can only be induced in cells 
that previously expressed Shh or perhaps still express Shh 
at very low levels. Alternatively, an additional signal(s) may 
be required, and this signal may arise via the interaction 
among cells at the very posterior margin of the limb. The 
posterior margin is a site where dorsal ectoderm (Wnt7a- 
expressing) and ventral ectoderm (engrafted.expressing; 
Davis et al., 1991) cells are juxtaposed. In the Drosophila 
embryo, it has been proposed that organizing centers are 
established at the junction between wg/Wnt- and en- 
grafted-expressing cells (Heemskerk and DiNardo, 1994). 
Therefore, it may be that the vertebrate limb organizing 
center is established by the combined action of the dorsal 
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ectoderm, ventral ectoderm, and posterior ridge. These 
three cell types meet in a restricted region at the distal 
posterior tip, and this could serve to restrict Shh expres- 
sion to the distal posterior margin of the limb bud. 
Dorsal Ectoderm Signals Cooperate with FGF4 in 
the Regulation of Shh Expression 
Further study of the ectopic Shh domain demonstrated 
that Shh is strongly expressed in mesenchyme near the 
FGF4 bead on the dorsal side of the limb and only weakly 
on the ventral side. This led to the discovery that signals 
from the dorsal ectoderm play a predominant role in the 
regulation of endogenous Shh expression and ZPA activity 
in the chick limb bud. Removal of dorsal ectoderm overly- 
ing the endogenous Shh expressiondomain leads to a 
dramatic decrease in Shh RNA levels and polarizing activ- 
ity, and the resulting limb lacks posterior skeletal ele- 
ments. We suggest that the primary reason that posterior 
skeletal elements do not form in the absence of dorsal 
ectoderm is a decrease in levels of SHH. This is based 
on the ability of posterior structures to develop under these 
conditions when Shh-expressing cells are exogenously 
provided. Because SHH appears to be a component of the 
ZPA signal, our studies are consistent with the hypothesis 
that the ZPA acts to pattern cells progressively as the limb 
continues to grow. 
WNT7a Can Replace the Dorsal Ectoderm Signal 
Necessary for Shh Expression 
The Wnt family of signaling molecules have been impli- 
cated in the regulation of cell fate, pattern formation, and 
oncogenesis (reviewed by Nusse and Varmus, 1992). Dur- 
ing Drosophila segmentation, wg is required for hh expres- 
sion, and, as its name implies, wg is required for proper 
development of the Drosophila wing, as is hh (Lee et al., 
1992; Tabata et al., 1992; Struhl and Basler, 1993; Basler 
and Struhl, 1994; Diaz-Benjumea et al., 1994, and refer- 
ences therein). In the vertebrate limb, Wnt7a is expressed 
exclusively in the dorsal ectoderm (Dealy et al., 1993; Parr 
et al., 1993) and therefore is a good candidate for the 
dorsal ectoderm signal necessary for Shh expression. 
Here we have demonstrated that WNT7a can provide this 
signal required for expression of Shh and maintenance of 
the ZPA. Moreover, WNT7a can rescue the formation of 
posterior skeletal elements that are lost following removal 
of the dorsal ectoderm, although its effect on anteroposte- 
rior patterning may be indirect via SHH. Indeed, the require- 
ment for WNT7a in anteroposterior patterning can be by- 
passed if a continuous ource of SHH is provided by using 
a retroviral expression vector such that Shh would not be 
dependent on signals from the dorsal ectoderm. However, 
during normal limb development, WNT7a, FGF4, and SHH 
are dependent on the activity of each other. 
Parr and McMahon (1995) have created a null mutation 
of the mouse Wnt7a gene by targeted mutagenesis. Their 
results complement ours in that they observe a decrease in 
Shh RNA levels in the limb and a loss of posterior skeletal 
elements. Moreover, the dorsoventral polarity of many 
limb structures is altered such that ventral structures form 
on the "dorsal" side of the limb. Taken together with our 
results, we propose that Wnt7a influences two aspects of 
limb development: it provides the dorsalizing signal neces- 
sary for dorsal pattern formation, and it maintains expres- 
sion of Shh, which is necessary for anteroposterior pattern 
formation. 
The ventral ectoderm influences activation and mainte- 
nance of Shh exPression, but to a much lesser extent 
than the dorsal ectoderm. As many Wnt genes are ex- 
pressed in the vertebrate limb bud ectoderm (Gavin et al., 
1990; Dealy et al., 1993; Parr et al., 1993), it is possible 
that members of the Wnt family are responsible for Shh 
regulation by both the dorsal and ventral ectoderm. One 
possible explanation as to why endogenous Shh expres- 
sion is not normally restricted dorsoventrally could be that 
the predominant dorsal ectodermal signal acts in combina- 
tion with the weaker ventral ectodermal signal to maintain 
Shh throughout he distal posterior mesenchyme. 
Interaction among Products of the Genes Fgf4, 
WntTa, and Shh Constitutes the ZPA 
The properties of the ZPA are adduced by observing the 
regulatory behavior elicited in tissues brought under its 
influence. The activity of the ZPA requires signals from 
the ridge, posterior mesenchyme, and, as shown here, 
the dorsal ectoderm. In addition, the results presented 
here indicate that the ZPA issues from the localized inter- 
dependent action of the gene products FGF4, WNT7a, 
and SHH. As schematized in Figure 6, FGF4 and WNT7a 
regulate Shh expression. In addition, SHH positively regu- 
lates the expression of Fgf4, thereby forming a positive 
feedback between these two genes (Laufer et al., 1994; 
Niswander et al., 1994). The expression domains of these 
genes overlap in the posterior part of the limb bud, first 
proximally and then progressively more distally as the limb 
bud elongates under the influence of the ridge. It is our 
hypothesis that this zone of interaction is what constitutes 
the ZPA. It is in the complex interplay of these gene prod- 
ucts that the ZPA finds its identity and leads to successive 
downstream expression of genes involved in patterning 
the growing limb bud. 
SHH 
g \\ / f t  
WNT~- ~ - 2 ; FGF4 / 
Figure 6. Interaction among WNT7a, FGF4, and SHH Serves to Es- 
tablish the ZPA 
WNT7a acts in conjunction with FGF4 to regulate Shh expression 
positively. In turn, SHH positively regulates Fgf4 expression, thus es- 
tablishing a feedback loop between FGF4 and SHH. It has yet to be 
determined whether SHH regulates WNTTa or whether there is a direct 
interaction between WNTTa and FGF4. However, WNTTa could indi- 
rectly regulate FGF4 via SHH. As proposed in the Discussion, we 
suggest hat the ZPA is established by the local interaction among 
WNT7a, FGF4, and SHH. Thus, the ZPA integrates the signals for 
positional information along the three axes: proximodistal (FGF), ante- 
roposterior (SHH), and dorsoventral ONNT7a). 
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By experimental manipulation it is possible to bring to- 
gether these three signals and create an ectopic ZPA. This 
has been done in two places in the limb bud: the proximal 
posterior margin and the distal anterior margin. In our stud- 
ies, application of FGF4 to the proximal posterior part of 
the limb bud induces Shh expression. Because Wnt7a is 
normally expressed throughout the dorsal ectoderm, all 
three signals are therefore present in this region, and an 
ectopic ZPA is established. On the anterior side of the 
limb bud, retinoic acid can induce the expression of Fgf4 
and Shh (Riddle et al., 1993; Helms et al., 1994; Laufer 
et al., 1994; Niswander et al., 1994), and because Wnt7a is 
present, all three signals are again present and an ectopic 
ZPA is established. 
In conclusion, the signaling molecules FGF, SHH, and 
WNT are expressed throughout many stages of embryonic 
development. Understanding their interactions and the 
downstream genes they control in the developing limb 
should provide a greater understanding of how they may 
serve to coordinate a number of developmental pro- 
cesses, such as development of neural structures and or- 
ganization of the primary body axis. 
Experimental Procedures 
Experimental Manipulation of Chick Limbs 
Fertile white leghorn eggs were incubated at 38°C until they reached 
the appropriate stages (Hamburger and Hamilton, 1951 ; reprinted as 
Hamburger and Hamilton, 1992). The membranes were pulled back 
using forceps to reveal the wing bud, and a small cut was made at 
the proximal posterior side of the wing bud with a microblade (Fine 
Science Tools, catalog number 10315-12). A heparin acrylic bead 
(Sigma, H5263) soaked in FGF4 (1 mg/ml [-50 mM]; provided by the 
Genetics Institute) or PBS was inserted into the mesenchyme at the 
cut site. The beads were prepared according to the method of Nis- 
wander et al. (1993). The embryos were returned to the incubator and 
either fixed at various time periods in 4% paraformaldehyde in PBS 
for RNA in situ hybridization or incubated for an additional 7 days, then 
fixed, and stained to visualize the cartilage structures as described 
previously (Niswander et al., 1993). In some cases, the bead was held 
in place with a platinum staple at the distal posterior tip of the limb 
bud as described previously (Niswander et al., 1993). To remove the 
ectoderm overlying the limb mesenchyme, -2  p_l of Nile blue sulfate 
(Sigma, N5632; 1.5% in water) was applied to the surgical site and 
allowed to remain for -10 s. This causes a slight blistering of the 
ectoderm that then can be gently peeled away with fine forceps without 
disturbing the underlying mesenchyme. The dorsal ectoderm was re- 
moved over a region extending from somites 15 to 21 adjacent othe 
limb bud to midway along the proximodistal axis (stage 24) or along 
the entire extent of the limb bud (stage 20). Particular care was taken 
to ensure that the dorsal ectoderm was completely removed along the 
posterior limb margin. To remove the ventral ectoderm, the limb bud 
was lifted up using forceps, and ventral ectoderm was peeled off from 
the body wall to the distal tip (stage 20) or midway along the proximodis- 
tal axis of the limb bud (stage 24). Then, a cut was made at the ventral 
side near the body wall, and a piece of aluminum foil was inserted to 
prevent he ventrally denuded limb bud from sticking to the body. 
Plasmids and Retroviral Vectors 
The mouse Wnt7a gene was provided by Dr. A. McMahon (plasmid 
pl0-Br; Harvard University). PCR primers (5'-TATGAGAATTCCAT- 
GACCCGGAAAGCGCGGCGC-3' and 5'-ACTAGGATCCTCACTTG- 
CACGTATACATCTCC-3') were designed to amplify only the coding 
region and to include EcoRI and BamHI restriction sites on the 5' 
and 3' ends, respectively. The Wnt7a PCR product (-1060 bp) was 
subcloned into pBluescript SK(+) and Cla12Nco shuttle vector (Hughes 
et al., 1987). The resulting plasmids were designated Wnt7a-blu and 
Wnt7a-c/a. Wnt7a-cla was digested with Clal, and the insert was sub- 
cloned into avian retroviral vectors RCASBP(A) and RCASBP(E) 
(Hughes et al., 1987), generating Wnt7a-RCAS(A) an d Wnt7a-RCAS(E). 
Viral spread can be limited by the choice of retroviral vector (Fekete 
and Cepko, 1993). 
Preparation of Digoxygenin-Labeled Riboprobes and RNA 
In Situ Hybridization 
Nonradioactive digoxygenin antisense RNA probes for chick Shh, 
Fgf4, Bmp2, Bmp4, and Hoxd13 were prepared as described pre- 
viously (IzpisL~a-Belmonte et al., 1991; Niswander and Martin, 1992; 
Riddle et al., 1993; Francis et al., 1994) and according to the instruc- 
tions of the manufacturer (Boehringer Mannheim). Whole-mount in 
situ hybridization was performed as described previously (Izpist~a- 
Belmonte et al., 1993). 
Polarizing Activity Assay 
The bead was removed 24 hr after inserting an FGF4 or PBS bead 
into the proximal posterior mesenchyme of the appropriate stage wing 
bud, and a small piece of mesenchymal tissue ( -  100 pm) from that 
region was grafted under the anterior ridge of a stage 19/20 chick 
embryo wing bud. Following an additional 6 days of incubation, the 
host embryos were fixed, the cartilage revealed by alcian blue staining, 
and the digit pattern analyzed (see Niswander et al., 1993). Polarizing 
activity was determined based on the extent of supernumerary digit 
formation in the host limb as follows: no polarizing activity, absence 
of supernumerary digit formation; weak polarizing activity, ectopic car- 
tilage formation or presence of an extra digit 2; medium polarizing 
activity, presence of supernumerary digit 3; strong polarizing activity, 
presence of supernumerary digit 4. 
Virus Production and Cell Grafting 
Chick embryo fibroblasts (CEFs) and virus stocks were prepared ac- 
cording to the method of Fekete and Cepko (1993). CEF cells were 
transfected by lipofectin (Bethesda Research Laboratory, catalog 
number 18292-011). To facilitate cell implantation, we used a method 
to enhance the formation of CEF aggregates. Confluent CEFs from 
one 100 mm dish were trypsinized (0.250/0 trypsin) and resuspended 
in 10 ml of M199 medium with 9% fetal calf serum and 2% chicken 
serum (GIBCO). The cells were centrifuged at 1000 rpm for 5 rain and 
resuspended in 0.1 ml of medium. A 30 pJ drop of resuspended cells 
was placed in a 35 mm petri dish, which was flipped upside down to 
form a hanging drop, and then incubated for ~3 hr. The cell aggre- 
gates were cut into small pieces (100-200 p.m diameter) and grafted 
to chick limb buds. Viral infection of the limb bud was accomplished 
by injecting concentrated viral stock of Wnt7a-RCAS(A) into a stage 
19/20 chick wing bud. Further experimental manipulations were per- 
formed -24 hr later, when the infected limb bud reached stage 24. 
Wnt7a expression in the limb mesenchyme was determined in sepa- 
rate experiments by whole-mount in situ hybridization. 
Acknowledgments 
Please address correspondence to L. N. We thank members of our 
laboratory for stimulating discussions and S. DiNardo, G. R. Martin, 
J. Saunders, and C. Tickle for critical reading of the manuscript. We 
are particularly grateful to J. Saunders for help in conveying concepts 
presented in this paper. We thank S. Jeffrey for technical assistance, 
A. McMahon for providing the mouse Wnt7a clone and for sharing 
information prior to publication, C. Tabin for the Shh probe and RCAS- 
Shh virus clone, S. Hughes and C. Cepko for RCAS vectors, P. Brickell 
for the Bmp probes, D. Duboule for the Hoxd13 probe, and the Genetics 
Institute for FGF4 protein. This work was supported by Memorial 
Sioan-Kettering Cancer Center support grant NCI-P30-CA-08748. 
Received January 16, 1995; revised March 2, 1995. 
References 
Anderson, R., Landry, M., and Muneoka, K. (1993). Maintenance of 
ZPA signaling in cultured mouse limb bud cells. Development 117, 
1421-1433. 
Basler, K., and Struhl, G. (1994). Compartment boundaries and the 
WNT and FGF Are Required to Maintain SHH 
947 
control of Drosophila limb pattern by hedgehog protein. Nature 368, 
208-214. 
CharitY, J., de Graaff, W., Shen, S., and Deschamps, J. (1994). Ectopic 
expression of Hoxb-8 causes duplication of the ZPA in the forelimb 
and homeotic transformation of axial structures. Cell 78, 589-601. 
Crossley, P., and Martin, G. R. (1995). The mouse Fgf8 gene encodes a 
family of polypeptides and is expressed in regions that direct outgrowth 
and patterning in the developing embryo. Development 121,439-451. 
Davis, C. A., Holmyard, D. P., Millen, K. J., Joyner, A. L (1991). Exam- 
ining pattern formation in mouse, chicken and frog embryos with an 
En-specific antiserum. Development 111,287-298. 
Dealy, C. N., Roth, A., Ferrari, D., Brown, A. M. C., and Kosher, R. A. 
(1993). Wnt-5a and Wnt-7a are expressed in the developing chick limb 
bud in a manner suggesting roles in pattern formation along the proxi- 
modistal and dorsoventral axes. Mech. Dev. 43, 175-186. 
Delli-Bovi, P., Curatola, A. M., Newman, K. M., Sato, Y., Moscatelli, 
D., Hewick, R. M., Rifkin, D. B., and Basilico, C. (1988). Processing, 
secretion, and biological properties of a novel growth factor of the 
fibroblast growth factor family with oncogenic potential. Mol. Cell. Biol. 
8, 2933-2941. 
Diaz-Benjumea, F. J., Cohen, B., and Cohen, S. M. (1994). Cell interac- 
tion between compartments establishes the proximal-distal axis of 
Drosophila legs. Nature 372, 175-178. 
Fallon, J. F., Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B., and 
Simandl, B. K. (1994). FGF-2: apical ectodermal ridge growth signal 
for chick limb development. Science 264, 104-107. 
Fekete, D. M., and Cepko, C. L. (1993). Retroviral infection coupled 
with tissue transplantation limits gene transfer in the chicken embryo. 
Prec. Natl. Acad. Sci. USA 90, 2350-2354. 
Francis, P. H., Richardson, M. K., Brickell, P. M., and Tickle, C. (1994). 
Bone morphogenetic proteins and a signalling pathway that controls 
patterning in the developing chick limb. Development 120, 209-218. 
Gavin, B. J., McMahon, J. A., and McMahon, A. P. (1990). Expression 
of multiple novel Wnt-llint-l-related genes during fetal and adult 
mouse development. Genes Dev. 4, 2319-2332. 
Hamburger, V., and Hamilton, H. (1951). A series of normal stages 
in the development of the chick embyros. J. Morphol. 88, 49-92. 
Hamburger, V., and Hamilton, H. L. (1992). A series of normal stages 
in the development of the chick embryo. Dev. Dyn. 195, 231-272. 
Heemskerk, J., and DiNardo, S. (1994). Drosophila hedgehog acts as 
a morphogen in cellular patterning. Cell 76, 449-460. 
Heikinheimo, M., Lawshe, A., Shackleford, G. M., Wilson, D. B., and 
MacArthur, C. A. (1994). Fgf-8 expression in the post-gastrulation 
mouse suggests roles in the development of the face, limbs and central 
nervous system. Mech. Dev. 48, 129-138. 
Helms, J., Thaller, C., and Eichele, G. (1994). Relationship between 
retinoic acid and Sonic hedgehog, two polarizing signals in the chick 
wing bud. Development 120, 3267-3274. 
Hughes, S. H., Greenhouse, J. J., Petropoulos, C. J., and Sutrave, 
P. (1987). Adaptor plasmids simplify the insertion of foreign DNA into 
helper-independent retroviral vectors. J. Virol. 61, 3004-3012. 
Izpis~a-Belmonte, J.-C., Tickle, C., Dolle, P., Wolpert, L., and Duboule, 
D. (1991). Expression of the homeobox Hox-4 genes and the specifica- 
tion of position in chick wing development. Nature 350, 585-589. 
Izpisea-Belmonte, J. C., De Robertis, E. M., Storey, K. G., and Stern, 
C. D. (1993). The homeobox gene goosecoid and the origin of orga- 
nizer cells in the early chick blastoderm. Cell 74, 645-659. 
Laufer, E., Nelson, C., Johnson, R. L., Morgan, B. A., and Tabin, C. 
(1994). Sonic hedgehog and Fgf-4 act through a signaling cascade 
and feedback loop to integrate growth and patterning of the developing 
limb bud. Cell 79, 993-1003. 
Lee, J. J., von Kessler, D. P., Parks, S., and Beachy, P. A. (1992). 
Secretion and localized transcription suggest a role in positional signal- 
ing for products of the segmentation gene hedgehog. Cell 71, 33-50. 
MacCabe, J. A., Errick, J., and Saunders, J. W. (1974). Ectodermal 
control of the dorsoventral axis in the leg bud of the chick embryo. 
Dev. Biol. 39, 69-82. 
Martin, P., and Lewis, J. (1986). Normal development of the skeleton 
in chick limb buds devoid of dorsal ectoderm. Dev. Biol. 118, 233- 
246. 
Niswander, L., and Martin, G. R. (1992). Fgf-4 expression during gas- 
trulation, myogenesis, limb and tooth development in the mouse. De- 
velopment 114, 755-768. 
Niswander, L., Tickle, C., Vogel, A., Booth, I., and Martin, G. R. (1993). 
FGF-4 replaces the apical ectodermal ridge and direct outgrowth and 
patterning of the limb. Cell 75, 579-587. 
Niswander, L., Jeffrey, S., Martin, G. R., and Tickle, C. (1994). Positive 
feedback loop coordinates growth and patterning in the vertebrate 
limb. Nature 371, 609-612. 
Nusse, R., and Varmus, H. E. (1992). Wntgenes. Cell6g, 1073-1087. 
Parr, B. A., and McMahon, A. P. (1995). Wnt-7a regulates dorsal- 
ventral patterning in the vertebrate limb and is necessary for the devel- 
opment of posterior limb structures. Nature, in press. 
Parr, B. A., Shea, M. J., Vassileva, G., and McMahon, A. P. (1993). 
Mouse Wnt genes exhibit discrete domains of expression in the early 
embryonic CNS and limb buds. Development 119, 247-261. 
Pautou, M.-P. (1977). Dorso-ventral axis determination of chick limb 
bud development. In Vertebrate Limb and Somite Morphogenesis, 
D. A. Ede, J. R. Hinchliffe, and M. Balls, eds. (Cambridge, England: 
Cambridge University Press), pp. 257-266. 
Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. (1993). Sonic 
hedgehog mediates the polarizing activity of the ZPA. Cell 75, 1401- 
1416. 
Saunders, J. W., Jr. (1948). The proximo-distal sequence of origin of 
the parts of the chick wing and the role of the ectoderm. J. Exp. ZooI. 
108, 363-403. 
Saunders, J. W., Jr., and Gasseling, M. T. (1968). Ectoderm-mesen- 
chymal interactions in the origin of wing symmetry. In EpitheliaI-Mes- 
enchymal Interactions, R. Fleischmajer and R. E. Billingham, eds. 
(Baltimore: Williams and Wilkins), pp. 78-97. 
Savage, M. P., Hart, C. E., Riley, B., Sasse, J., Olwin, B. B., and 
Fallon, J. R. (1993). Distribution of FGF-2 suggests it has a role in 
chick limb bud growth. Dev. Dyn. 198, 159-170. 
Struhl, G., and Basler, K. (1993). Organizing activity of wingless protein 
in Drosophila. Cell 72, 527-540. 
Summerbell, D. (1974). A quantitative analysis of the effect of excision 
of the AER from the chick limb-bud. J. Embryol. Exp. Morphol. 32, 
651-660. 
Suzuki, H. R., Sakamoto, H., Yoshida, T., Sugimura, T., Terada, M., 
and Solursh, M. (1992). Localization of Hstl transcripts to the apical 
ectodermal ridge in the mouse embryo. Dev. Biol. 150, 219-222. 
Tabata, T., Eaton, S., and Kornberg, T. B. (1992). The Drosophila 
hedgehog gene is expressed specifically in posterior compartment 
cells and is a target of engrailed regulation. Genes Dev. 6, 2635-2645. 
Tickle, C., Summerbell, D., and Wolpert, L. (1975). Positional signal- 
ling and specification of digits in chick limb morphogenesis. Nature 
254, 199-202. 
Vogel, A., and Tickle, C. (1993). FGF-4 maintains polarizing activity 
of posterior limb bud cells in vivo and in vitro. Development 119, 199- 
206. 
